We investigate aluminum abundance variations in the stellar populations of globular clusters using both literature measurements of sodium and aluminum and APOGEE measurements of nitrogen and aluminum abundances. For the latter, we show that the Payne is the most suitable of the five available abundance pipelines for our purposes. Our combined sample of 42 globular clusters spans approximately 2 dex in [Fe/H] and 1.5 dex in log M GC /M . We find no fewer than five globular clusters with significant internal variations in nitrogen and/or sodium with little-to-no corresponding variation in aluminum, and that the minimum present-day cluster mass for aluminum enrichment in metal-rich systems is log M GC /M ≈ 4.50 This suggests that there were (at least) two classes of non-supernovae chemical polluters that were common in the early universe, and that their relative contributions within globular clusters somehow scaled with the metallicity and mass of globular clusters. The first of these classes is predominantly responsible for the CNO and NeNa abundance variations, and likewise the second for the MgAl abundance variations. 47 Tuc and M4 are particularly striking examples of this dichotomy. As an auxiliary finding, we argue that abundance variations among Terzan 5 stars are consistent with it being a normal globular cluster.
within globular clusters (Osborn 1971; Carretta et al. 2009b; Mészáros et al. 2015) . The most commonly measured of these is the sodium-oxygen anti-correlation, whereby stars within a cluster will often have greater [Na/Fe] (Ivans et al. 1999 ) and sometimes in total abundance (Marino et al. 2012) , with many of the stars having field-like abundances. Similarly, stars with relatively lower abundances of magnesium (likely 24 Mg) also tend to have relatively elevated abundances of aluminum, with the total abundance of aluminum and magnesium not varying within individual globular clusters (Shetrone 1996; Yong et al. 2003) .
There is thus a wealth of observational constraints as to the nature of these abundance variations, which have long been argued to date back to the gas from which the stars formed (Cottrell & Da Costa 1981) . Nevertheless, the literature currently contains no consistent model of globular cluster formation which matches all of these constraints. For example, it is frequently posited that the globular clusters first formed a population of stars with [X/Fe] abundance ratios similar to those of most α-enhanced halo, thick disk, and bulge field stars, and that the gaseous ejecta of these stars was subsequently recycled to form a population with chemically anomalous abundances. These stellar groups respectively form a "first" and "second" generation (Valcarce & Catelan 2011; Conroy 2012; Kim & Lee 2018) .
These abundance anti-correlations can in principal be matched nuclear processing within a high-temperature gas ). An ongoing challenge to this model is that the observed abundance variations are not matched by predicted yields of the main hypothesized chemical polluters -which will necessarily contain gradients in temperature, density, and chemistry -asymptotic giant branch stars (AGB, Ventura et al. 2001; Ventura & D'Antona 2009 ) and the winds of fast-rotating massive stars (WFRMS, Decressin et al. 2007) . Some of that offset may be due to uncertainties in the stellar models and their input physics. Karakas et al. (2018) , who computed the predicted yields of low-metallicity, 1 ≤ M/M ≤ 7 AGB stars, showed that the predicted yields of AGB stars provide a qualitative match to the CNO abundance variations observed in globular cluster stars, but not to the Na-O anti-correlation. For the latter, the models predict a ∼0.60 depletion in [Na/Fe] , in contrast to the ∼0.70 dex enhancement found in clusters such as 47 Tuc. Slemer et al. (2017) predicted the AGB yields of 3 ≤ M/M ≤ 6 stars with 22 Na(p,α) 23 Ne nuclear reaction rates updated from experimental data from the Laboratory for Underground Nuclear Astrophysics (Cavanna et al. 2015) , which are up to 2,000% higher than those of Iliadis et al. (2010) , that were employed by Karakas et al. (2018) . They found that their models could provide a satisfying fit to both the CNO and Na-O abundance trends, but only if they both included the new reaction rate and made other substantial changes to their treatment of stellar evolution, dredge-up, and imposed an arbitrary 80% reduction in the 23 Na(p,α) 20 Ne reaction rate. Ferraro et al. (2018) investigated whether the inclusion of three newly-identified resonances to the computation of the 23 Na(p,α) 20 Ne reaction rate could alleviate these discrepancies. They found that the predicted yields of sodium are increased by ∼0.20 dex.
Similarly, models of the WFRMS can also produce gas similar to that observed in chemically anomalous globular cluster stars, but only after fine-tuning the assumed treatments of convection, nuclear reaction rates, etc. For example, Choplin et al. (2016) showed that various prescriptions for the injection of helium-burning products into the hydrogen-burning zone could increase the production of nitrogen and aluminum by two orders of magnitude. They did identify some results that were robust to such modifications: all of their models predicted greater enrichment of aluminum than of magnesium, and of nitrogen than of carbon or oxygen.
Independently of the challenge posed by chemical abundance measurements, the "multiple generations" framework for globular cluster formation also has a mass normalization issue. The total stellar mass currently in globular cluster populations with anomalous abundances is ∼ 1−2× higher than in globular cluster populations with field-like abundances (Carretta et al. 2009b ). Thus, the gaseous ejecta of the first generation can only have been sufficiently massive to give birth to the second generation if: the first generation was 10+ times more massive at birth; either the first or second generations were both with a non-standard initial mass function; or both (D'Ercole et al. 2008; Valcarce & Catelan 2011; Conroy 2012; Bekki 2018 ). This issue is referred to as the "mass budget problem" (Renzini 2008; Renzini et al. 2015) .
These and other outstanding issues related to the question of the origin of globular clusters are discussed in greater detail by Renzini et al. (2015) and Bastian & Lardo (2018) .
Though the currently available globular cluster formation models leave a lot to be desired, the same cannot be said of the available data. The latter are spectacular. Their colormagnitude diagrams show the presence of distinct populations, with the morphology of the separation being a function of which filters are used. For example, the fact that the relatively metal-rich ([Fe/H]≈ −1.20) main sequence of ω Cen is bluer than its metal-poor ([Fe/H]≈ −1.60) counterpart can be interpreted as a helium enhancement of order ∆Y ≈ 0.15 (Norris 2004; Piotto et al. 2005) , as enhanced helium is predicted to result in higher temperatures at fixed luminosity for main sequence and red giant branch stars, and thus bluer broadband colours (Dotter et al. 2008) . Similarly, a triple main sequence is seen in the massive globular cluster NGC 2808 (Piotto et al. 2007 ). The helium values inferred from studies of the main sequence colours are consistent with those inferred from modelling of the horizontal branch morphology (D'Antona & Caloi 2004 , 2008 . Separately, CNO abundance variations are predicted to affect the absorption of several molecular features, leading to particularly strong photometric offsets in the widely used Hubble Space Telescope (HST) F275W and F336W filters. (See Section 3 Milone et al. (2017) , and Figure 6 of Lagioia et al. 2018) .
Meanwhile, the spectroscopic data are vast. The Very Large Telescope (VLT) program of Carretta et al. (2009b) measured sodium, oxygen, and iron abundances for 1,409 stars in 15 globular clusters with the FLAMES-GIRAFFE spectrograph, and Carretta et al. (2009a) measured magnesium, silicon, and aluminum abundances for 202 stars in 17 globular clusters with the FLAMES-UVES spectrograph. These studies helped establish the diagnostic potential of multi-object spectrographs for the study of globular cluster populations, the ubiquity of chemically anomalous stars within, and the correlation of these anomalies with globular cluster parameters such as metallicity and integrated luminosity. Pancino et al. (2017) , who analyzed a sample of globular clusters clusters observed by the Gaia-ESO survey, showed that the Na-O anti-correlation operates independently of the Mg-Al anti-correlation. Whereas observations are consistent with the Na-O anti-correlation being present in all globular clusters (with the possible exception of Ruprecht 106, see Villanova et al. 2013 and Dotter et al. 2018) , the Mg-Al anticorrelation is smaller or non-existent in higher-metallicity and in lower-mass globular clusters. The different anticorrelations do not always appear together, and thus need not be explained by a single origin.
The APOGEE survey (Majewski et al. 2017) has also yielded numerous insights on the chemistry of globular clusters. Schiavon et al. (2017a) and Fernández-Trincado et al. (2018) have identified and measured the trends of multiple populations for several Bulge globular clusters. Tang et al. (2017) identified two groups in the chemical abundance space of NGC 6553, and Tang et al. (2018) studied the aluminum, magnesium, and silicon variations in the metal-poor globular cluster NGC 5053. Mészáros et al. (2015) used earlier APOGEE data to explore the abundance variations in 10 northern globular clusters, a study recently followed up and expanded upon by Masseron et al. (2018) . Two major strengths of the APOGEE data result from its spectral window being in the H-band: the presence of numerous CNO molecular feature enables the consistent measure of all three of these abundances, and the lower sensitivity to extinction facilitates the study of Disk and Bulge globular clusters.
The three nuclear reactions most relevant to the abundance trends previously discussed here are plausibly 23 Na(p,α) 20 Ne, 14 N(p, γ) 15 O, and 24 Mg(p,γ) 25 Al (Decressin et al. 2007; Wiescher et al. 2010) . Their rates have different dependencies on temperature (Iliadis et al. 2001; Hale et al. 2004) , and thus, given the plausibility that different kinds of stars contribute to chemical enrichment in different kinds of globular clusters, there should be no expectation that the different abundance correlations occur in lockstep, which is indeed what Pancino et al. (2017) has demonstrated.
In this investigation, we studied the largest sample of [Al/Fe] variations in globular clusters that we could assemble, so as to better calibrate if and how the Mg-Al abundance anti-correlation separates from the CNONa abundance variations. The result is a meta-analysis of available literature measurements as well as those from the APOGEE survey (Majewski et al. 2017) . The latter could not be trivially incorporated. We wanted to include the full list of globular cluster stars observed by APOGEE, not just those explicitly targeted but also those serendipitously observed, for which there was no prior census. We also had to determine which, if any, of the five available pipelines was best suited to study abundance variations among globular cluster stars, and in which atmospheric parameter regime. That analysis had not yet been performed, nor can one pipeline be a priori assumed to be superior. Our investigation thus necessarily contains an investigation-within-an-investigation. That is the census of globular cluster stars observed by APOGEE, and the assessment of this sample and of the five spectroscopic abundance pipelines for suitability to study chemical abundance variations among globular cluster stars.
The structure of this paper is as follows. We describe the data assembled in Section 2. We describe our census of globular cluster stars measured by APOGEE, the range of stellar atmospheric parameter space in which they are suitable for chemical abundance studies, and their observed chemical abundance trends, in Section 3. We describe the metaanalysis of aluminum abundance variations in the combined literature and APOGEE samples in Section 4. We present what are arguably the principal findings of this investigation in Section 4.3, and discuss the possible physical implications in Section 4.4. We apply our results to the globular cluster Terzan 5 in Section 5. We discuss our findings and present our conclusions in Section 6.
The Need to Understand Nitrogen-Enriched Stars in the Field
A part of our motivation for this study is the recent discovery that stars with abundances typical of chemically anomalous globular cluster stars are common in the field. These were first discovered by Martell & Grebel (2010) toward the Milky Way's Halo, with subsequent findings having followed toward both the Halo (Ramírez et al. 2012; Martell et al. 2016; Fernández-Trincado et al. 2016 ) and toward the Bulge / inner N .
Halo (Schiavon et al. 2017b; Fernández-Trincado et al. 2017) . At this time, it is not known if these stars are former members of surviving globular clusters, former members of now fully dissolved globular clusters, or if they formed via a different channel. We aim to study those stars in greater detail, using the APOGEE spectroscopic catalog of field stars. However, as a prerequisite, we must first evaluate how well the spectroscopic pipelines that have been applied to APOGEE data perform at measuring globular cluster abundances, and to try and ascertain a physical meaning for the abundances that are being reliably measured.
2. DATA
Globular Cluster Parameters
We used the Harris catalog (Harris 1996 (Harris , 2010 We used the recent analysis and compilation of Baumgardt & Hilker (2018) for updated values of the radial velocity dispersions, tidal radii. This latter compilation includes parameters for all clusters for which we found candidate members other than Terzan 12. The cluster masses and structural parameters were determined by comparing the observed velocity dispersion, surface density, and stellar mass function profiles against a grid of N-body simulations which assumed that the globular clusters contain no dark matter. The method is more fully described by Baumgardt (2017) .
The estimated values for cluster radial velocities, mean proper motions in right ascension and declination, and central proper motion dispersion were taken from Baumgardt et al. (2019) , where available. That work makes use of data and results by Watkins et al. (2015) , Baumgardt (2017) , Kamann et al. (2018) , and Baumgardt & Hilker (2018) .
Most of these estimates are available for download on a website1 maintained by Holger Baumgardt, which lists up-todate fundamental parameters for over 150 globular clusters, including the stellar mass estimates used in this work.
We make a few targeted changes to the adopted parameters. For the globular cluster NGC 6522, we use the same parameters as Fernández-Trincado et al. (2018) , as their diligent investigation of that cluster's overlap with APOGEE has already been vetted. The adopted metallicity for that cluster, [Fe/H]= −1.0, is from Barbuy et al. (2009) and Barbuy et al. (2014) . For the globular cluster NGC 3201, we adopted the metallicity [Fe/H] = −1.46 (Mucciarelli et al. 2015b) . For the globular cluster Terzan 5, we use the tidal radii from the 1 https://people.smp.uq.edu.au/HolgerBaumgardt/globular/ website linked above, which assumes Equation 8 of Webb et al. (2013) .
Sodium and Aluminum Literature Compilation
We conducted a literature search for abundance measurements of sodium and aluminum in well-sampled globular clusters. For each globular cluster, we kept the largest available sample.
The largest component of our literature compilation is that of Carretta et al. (2009a) (Gratton et al. 2006 ) and NGC 6388 (Carretta et al. 2007a ). The same instrument and a similar methodology was used for published measurements of stars in NGC 1851 (Carretta et al. 2012) , NGC 362 (Carretta et al. 2013b) , NGC 6093 (M80) , NGC 2808 (Carretta 2015; , NGC 6139 (Bragaglia et al. 2015) , and additional measurements for NGC 6388 .
The second largest component of our compilation are the abundance measurements of NGC 5986, NGC 6229, and NGC 6569 by Johnson et al. (2017b) , Johnson et al. (2017c) , and Johnson et al. (2018) respectively. We also include measurements for NGC 362 and NGC 1904 (M79) (D'Orazi et al. 2015) ; Gaia-ESO measurements (Gilmore et al. 2012 ) of NGC 5927 and NGC 4833 which were previously investigated by Pancino et al. (2017) ; measurements for NGC 5897 (Koch & McWilliam 2014) (Mucciarelli et al. 2016; Massari et al. 2017); NGC 6397 (MacLean et al. 2018) ; NGC 6440 (Muñoz et al. 2017) ; NGC 6528 (Muñoz et al. 2018) ; NGC 4147 (Villanova et al. 2016 ) NGC 6626 and NGC 6266 (M62) (Lapenna et al. 2015) .
We exclude from this compilation data for the globular clusters ω Cen (NGC 5139), NGC 6273 (M19), and Terzan 5 due to the enormous internal variations in [Fe/H] (see respective measurements byJohnson & Pilachowski 2010, Johnson et al. 2017a, and Massari et al. 2014) ; data where a large fraction of the measurements are upper or lower bounds; and data published earlier than January 1st, 2000. Table 1 of Cabrera-Ziri et al. (2016) , which also compiles a literature sample of aluminum abundance variations, helped inform our sample.
APOGEE Data
We use APOGEE and APOGEE-2 (Majewski et al. 2017) data products (stellar atmosphere parameters and abundances) from Data Release 14 (DR14, Abolfathi et al. 2018 ) of the Sloan Digital Sky Survey (Gunn et al. 2006) . APOGEE was a component of SDSS-III (Eisenstein et al. 2011) , and APOGEE-2 is part of SDSS-IV (Blanton et al. 2017) . Observations were taken from the 2.5m Sloan Telescope at Apache Point Observatory (Gunn et al. 2006) , which is coupled to a 300-fiber, high-resolution (R ∼ 22,000) H-band spectrograph (Wilson et al. 2012) .
We make partial use of previously unpublished APOGEE DR16 data, for which the analysis is restricted to materials discussed in Section 4. As these data have not been as strictly vetted, we make use of strict inclusion criteria: APOGEE targets were selected predominantly on the basis of 2MASS photometry (Skrutskie et al. 2006 ) to lie in the brightness range 7 H 13.8. A full description of the target selection can be found in Zasowski et al. (2013) and Zasowski et al. (2017) . The data reduction and radial velocity pipelines are described by Nidever et al. (2015) .
Stellar Abundances and Parameters
We investigated the potential of five pipelines for the measurement of atmospheric parameters and chemical abundances of globular cluster stars. These are the five pipelines with results published for the full DR14 sample. For all cases in this Section, where the pipelines are being compared, we use DR14-calibrated data, and restrict our analysis to the publicly available DR14 data. Given the challenging nature of comparing different pipelines (Jofré et al. 2018 The Cannon (Ness et al. 2015; Casey et al. 2016) derives atmospheric parameters and abundances by means of a data-driven method. A subsample of spectra with ASPCAPderived parameters deemed to be particularly reliable form a "training set," from which the parameters of other stars are derived via quadratic interpolation.
The Payne (Ting et al. 2018 ) simultaneously derives best-fit values for all atmospheric parameters and abundances using neural networks as an emulator. The training set is composed of synthetic spectra, which are constructed from a different suite of model atmospheres and assume a different line list than ASPCAP, see Ting et al. (2018) AstroNN uses artificial neural networks with dropouts to simultaneously fit for atmospheric parameters and abundances (Leung & Bovy 2019) . The theory of their method is described in Section 2 of that work, and the selection of their training set is described in Section 3 of that work. Similarly to the Cannon, their training set is selected from stars with ASPCAP-derived atmospheric parameters deemed to be particularly reliable, with the values of those parameters assumed by the calibration. In contrast to the other methods, astroNN does not perform a fit, but rather, it maps spectra onto spectral labels. It thus derives labels for nearly all stars. In principle, it should report larger uncertainty estimates for stars with spectra that are somehow problematic.
The Brussels Automatic Code for Characterizing HighaccUracy Spectra (BACCHUS) (Masseron et al. 2016 ) determines metallicity, microturbulence and macroturbulence/v sin i as well as several relative abundances. The BACCHUSderived parameters used in this work assume photometric temperatures and gravities, and several of the atmospheric parameters and relative abundances are subsequently determined using a sequential and iterative process more fully described by Masseron et al. (2018) . This temperature scale gives more consistent CNO abundances with the optical studies, most likely because it is closer to the temperatures derived from the optical spectra, as otherwise APOGEEderived temperatures and those derived from optical spectra have a typical offset of ∼100 K (Jönsson et al. 2018) .
Within the work of Masseron et al. (2018) , 885 red giant stars observed by APOGEE were associated to ten globular clusters. We restrict our evaluation of the BACCHUS pipeline and its implementation to those stars.
The DR14 data tables have 277,371 stellar targets, but many of these are duplicates and thus there are in fact 258,475 distinct stars. For the stars that are observed two or more times, we keep the best measurement (defined below) from each of ASPCAP, the Cannon, and astroNN, none of which necessarily correspond to one another or to the measurement with the highest signal-to-noise ratio (SNR). The first pass is the reporting of a physical value, where the pipelines converge to a solution. When multiple observations of a duplicate yield physical estimates, we keep that measured with the highest signal-to-noise ratio (SNR). For astroNN, we implement a different duplicate-removal method due to the different philosophy of that pipeline. We instead first remove the dupli- The criteria for matching stars to globular clusters are mostly similar to those used by Schiavon et al. (2017a) , though we benefit from and employ the additional information provided by Gaia Data Release 2 (Gaia Collaboration et al. 2018 ). For stars with measured proper motions in right ascension and declination µ [α,δ] , * , that have reported uncertainties σ µ, [α,δ] , * smaller than 0.30 mas/year, which are being associated with globular clusters for which Baumgardt et al. (2019) reported measurements of both mean proper motion µ [α,δ] ,GC and central proper motion dispersion σ µ,GC , we define the quantity:
This quantity is available for ∼60% of our eventual candidate globular cluster stars. It cannot be used uniformly due to the incompleteness of Gaia Data Release 2 in crowded fields. Nevertheless, it is useful to quantify the rate of false positives and false negatives that would result purely from the criteria of Schiavon et al. (2017a) , and to then apply those corrections to that 60% of the sample. Following consultation with the AAS statistics consultant, we denoted this quantity as X 2 µ rather than χ 2 µ as it has not actually been shown (by theorem) to be asymptotically χ 2 distributed. In particular, the sources of "error" are heterogeneous and somewhat uncertain.
Stars are classified as part of a globular cluster if they can satisfy the following three conditions: 1. They have an APOGEE targeting flag classifying them as a cluster target ("Apogee_Target2 = 10") and do not have the flag classifying them as an open cluster member ("Apogee_Target1 = 9"). These stars are then associated with the nearest cluster, and constitute ∼80% of our final sample.
2. They have a position within one tidal radius of the globular cluster, a metallicity within 0.30 dex of that of the cluster, and a radial velocity that differs from that of the cluster by less than the radial velocity dispersion of the cluster. We found that the Cannon and astroNN might be overestimating metallicities for metal-poor stars, and thus we shifted the metallicity requirement to 0. (Massari et al. 2014) .
3. If a star has proper motion measurements with precision better than 0.30 mas/yr in both axes, and if it is being associated with a cluster for which Baumgardt et al. (2019) reported measurements of mean proper motion and dispersion, we require that X 2 µ ≤ 12. This criterion is waived if proper motion measurements are not available.
We have verified that none of the globular clusters with matches are overlapping with one another in the spaces of metallicity, radial velocity, and line of sight. There is thus no significant risk of stars belonging to one cluster being misidentified as a member of another. The proper motion criterion identifies a scant 15 stars that would be misdiagnosed as false positives if we were to rely on the selection criteria of Schiavon et al. (2017a) . We also identify candidate globular cluster stars with criteria that are half-as-strict in metallicity, radial velocity, and position on the sky. We add 26 such stars to our sample, which have proper motion measurements satisfying X 2 µ ≤ 12. The full sample of 1012 candidate globular cluster stars from APOGEE DR14 that meet our selection criteria are listed in Table 2 .
The first choice of stellar [Fe/H] used to compare to the globular cluster literature value is that of ASPCAP. If no ASPCAP metallicity is derived for a star, we use that from the Cannon. If a star has neither a Cannon nor an ASPCAP metallicity, we try that from the Payne, and finally we use that from astroNN. If none of the available pipelines has a metallicity estimate for a star, we discard the star from our analysis.
With this approach, we identify 1012 stars in the APOGEE DR14 catalogue that we consider to be likely globular cluster members, of which 832 were deliberately selected as APOGEE calibration targets (criterion #1 above). They are associated with 28 different globular clusters. We list the 28 globular clusters, the literature values of their relevant physical properties, and the number of matches in APOGEE, in Table 1 . We also ran our search on a sample of southern fields observed as part of APOGEE DR16, on which we ran the Payne pipeline. From these, we identified an additional 939 stars that we associate to 11 different globular clusters, one of which (NGC 6218) also had measurements in APOGEE DR14. Table 1 . Name, metallicities, and physical parameters for the 28 globular clusters with stars measured in APOGEE DR14, and 11 clusters selected from DR16. The references for the globular cluster parameters are given in Section 2.1. The mean velocity V r and velocity dispersion σ V r are listed in units of km/s, the proper motion terms are in units of mas/yr, and the tidal radii r tidal are listed in units of arcminutes. The parameters N A , N C , N P , and N aNN denote the number of matches in each cluster with a reported [Fe/H] measurement from that particular pipeline. Similarly for N B , for which the sample inclusion criteria are different, and described by Masseron et al. (2018 Harris (1996 Harris ( , 2010 , is shown in Figure 1 . This is coarse diagnostic at best, but there is unfortunately no analog to the Gaia benchmark stars (Jofré et al. 2014 ) for globular clusters. Comparisons to BACCHUS-derived data are not included in Figures 1, 2 , and 3, but the equivalent information can be found in Masseron et al. (2018) .
The mean of the differences between the ASPCAPmeasured and literature values of globular cluster metallicities are close to zero across the full metallicity range of the Milky Way globular clusters. However, metallicities measured from both the Cannon and astroNN appear overestimated for [ Ting et al. (2018) show in their Figure 14 . The slight metallicity offset at the highest metallicities is plausibly due to the small metallicity-dependence of temperature bias by the Payne, see Figure 8 of Ting et al. (2018) . Some of these differences may be partly or fully due to the heterogeneities of the sample of Harris (1996 Harris ( , 2010 .
The metallicity distribution function of the globular cluster sample for each of the four pipelines is shown in Figure  2 . These distribution functions are restricted to stars with T eff ≤ 4, 750 K, for reasons justified later in this work. The The Payne matches the yield of astroNN at higher metallicities, but the termination of its parameter space at [Fe/H]= −1.50 is, at least for this study, a severely limiting factor.
We do not show error bars in our abundance plots. As we will see in the subsequent sections, the true errors are likely dominated by systematic issues, rather than signal-tonoise limitations that are more easily computed and generally available.
Delineating an APOGEE Globular Cluster Sample Suitable for Multiple Populations Studies
There are 24 elemental abundances reported by ASPCAP, 18 reported by the Cannon, 18 reported by astroNN, and 15 reported by the Payne. The latter did measure sodium, phosphorus, vanadium, cobalt, and germanium, but the values were not reported, as it was deemed that further work is needed to understand the features contributing to those mea-N . surements. Of the elements reported, only some of these are useful for the analysis of multiple populations in globular clusters, and only some of these will be be precisely measured at the relevant range of temperatures, gravities, and metallicities of this sample. The abundances of carbon, nitrogen, and oxygen, to which APOGEE's H-band spectra are sensitive, have previously been established as excellent tracers of multiple populations in globular clusters (Yong et al. 2009; Marino et al. 2012; Mészáros et al. 2015; Chen et al. 2018; Masseron et al. 2018) .
However, the distributions of CNO abundances include a substantial noise source. Figure 3 . This is due to a steep temperature dependence of the molecular features responsible for the measurability of nitrogen in H-band spectra.
It is not surprising that a threshold effective temperature exists, in this case T eff ≈ 4, 750 K. APOGEE's sensitivity to carbon, nitrogen, and oxygen is predominantly due to OH, CN, and CO, for which the rates of molecular disassociation are sensitive to temperature. This issue has been previously reported and investigated by Mészáros et al. (2015) . In their analysis, which used a different methodology (such as using temperatures derived from photometry), the cutoff was set at T eff = 4, 500 K. The fraction of candidate globular cluster stars within APOGEE with T eff ≤ 4, 750 K is approximately 40%. We note that the stars with T eff ≤ 4, 750 K have a median signal-to-noise ratio of approximately 180, and only ∼3% of them have signal-to-noise ratios of less than 50. We found that the frequency of stars with [N/Fe] < 0 is lowest in the Payne. This remained true even as we experimented with additional cuts in metallicity and signal-to-noise ratio.
This motivated us to see if the the parameter space could be reliably expanded for the investigation of the trends in the [N/Fe]-[Al/Fe] plane, which will be the most important to our work. In Figure 4 , we show the different trends in the relative abundances for each of ASPCAP, the Payne, and BACCHUS for the stars with T eff ≤ 4, 750 K and 5, 250 K ≥ T eff > 4, 750 K. The Payne is able to recover an indistinguishable distribution as long as restrict the sample of hotter stars to those with measurement signal-to-noise ratios greater than 50. The same is not true of the ASPCAP results. Concerning elements other than CNO whose measurements have yielded the greatest empirical footprint on the literature, aluminum abundance variations are present and measurable from APOGEE spectra, whereas sodium abundance variations are present but typically not reliably measured.
We show the relative abundance plots for C,N,O,Al, for all five pipelines, in Figure 5 . All of the pipelines successfully recover the N-Al correlation and the N-O anticorrelation, though the latter is most extended when measured by the Payne or BACCHUS. The C-N anticorrelation is not recovered by ASPCAP and the Cannon, though a previous data release of ASPCAP abundances (DR12), did recover the C-N anti-correlation (Schiavon et al. 2017a,b) . None of the pipelines do well in the metal-poor ([Fe/H] Harris ≤ −1.55) regime, for which the measurements are plotted in black. The scatter of the abundances are not distributed uniformly, but show hints of bimodality. That is discussed in Section 3.8.
In contrast to aluminum, the sodium lines are very weak, with a shift of 0.05 dex in [Na/H] yielding flux changes of 1% (Ting et al. 2018) . Sodium abundances were measured, but not reported, by the Payne. The Cannon and astroNN can derive sodium measurements for nearly all stars, but the values are not physically meaningful for globular cluster stars. ASPCAP derives sodium abundances for a small subset of globular cluster stars, which does better over that small sample. We show the reported [Na/Fe] scatter in the Cannon measurements, and is an anti-correlation in the astroNN measurements. Carretta et al. (2009b) and that derived by ASPCAP, the Cannon, the Payne, astroNN, BACCHUS, and by Mészáros et al. (2015) is listed in Table 3 The dispersion in [O/Fe] measured by ASPCAP, the Cannon, and astroNN are typically far smaller than the literature values. The Payne's measured scatter in [O/Fe] is more consistent with the measurements of Carretta et al. (2009b) , with the dispersion being a more modest ∼30% lower. The dispersion measured by the BACCHUS pipeline, and by Mészáros et al. (2015) , are consistent with the literature values.
Comparison to the Measurements of Carretta et al. (2009b): Most APOGEE-Derived Variations in [O/Fe

Most APOGEE-Derived Variations in [N/Fe] and [C/Fe] Are Likely Underestimated by ∼50+%
APOGEE-derived variations in [N/Fe] and [C/Fe] are at least 50% lower than literature estimates for ASPCAP, the Cannon, the Payne, astroNN, but not for BACCHUS. As we will discuss, there are known sources of systematic error in most analyses of APOGEE spectra, and consistent evidence for a necessary re-scaling of [N/Fe] APOGEE's CNO abundance determinations are predominantly derived from the absorption of three sets of molecular lines (OH, CN, and CO) and thus a mistaken assumption for one of the three abundances may propagate as an error to the determination of the other two abundances. ASPCAP, for example, fits for spectra with model grids for which the relative abundances extend no higher than [X/Fe] = +1.0. Given that [N/Fe] frequently extends to much higher abundances in globular clusters (shown below), this imposes a systematic error. For those stars, the models may be compensating for underestimated [N/Fe], which would deepen CN lines, by fitting a higher abundance of carbon. Some of these issues should be resolved in future data releases, as the model grid of stellar atmospheres from which ASPCAP abundances are derived is being expanded.
There is also a degeneracy between the of T eff , [O/H], [C/H], and [N/H] determinations derived from H-band spectra, which is discussed in detail in Section 3 of Masseron et al. (2018) . Further research into understanding and potentially breaking or at least better constraining this degeneracy is ongoing.
We show a comparison of the Payne's and BACCHUS's measured [C/Fe]-[N/Fe] abundance trend from APOGEE spectra to that of Cohen et al. (2002) , for the globular cluster NGC 5904 (M5), in Figure 7 . Cohen et al. (2002) Carretta et al. (2009b) and APOGEE. The σ [O/Fe] derived by ASPCAP, the Cannon, and astroNN are typically much smaller than those reported by Carretta et al. (2009b) , those derived by the Payne are typically slightly smaller, and those derived by the BACCHUS pipeline and by Mészáros et al. (2015) a necessary factor of 2 rescaling, with the Payne-derived dispersion in [N/Fe] being ∼50% smaller than it should be, and similarly for ASPCAP, the Cannon, and astroNN. Given that there is likely a scaling factor between four of the five APOGEE-derived variations in [N/Fe] and [C/Fe], the linear trends derived later in this work are likely qualitatively valid but not quantitatively valid. Where they may be most useful, is as a self-consistent flag to identify and interpret field stars with abundances similar to those of second generation globular cluster stars (Martell & Grebel 2010; Schiavon et al. 2017b) . These results are also useful for informing future abundance analyses of the APOGEE spectra.
Testing for the Robustness of APOGEE-Derived
Dispersions in [Al/Fe] An important assumption of our investigation is that spectroscopic analyses of the APOGEE data have similar sensitivity to [Al/Fe] The second criterion is a comparison of the dispersion in [Al/Fe] for stars with T eff < 4, 750 K to that measured by prior literature studies. It is fortunate that we find three clusters that are well-sampled APOGEE whose [Al/Fe] distributions had already been well-sampled by other studies. These are the clusters NGC 6205 (M13) and NGC 5272 (M3), which were studied by Johnson et al. (2005) , and NGC 5904 (M5), which was studied by Carretta et al. (2009a) . We show comparisons of the literature data to that of the Payne in Figure 8. The Payne is the only one of the five pipelines which meets both of our criteria for robust [Al/Fe] measurements. N . . We list the names of the clusters, their metallicity from the Harris catalog, and the five mean differences and the sample error in the mean differences, for those clusters for which the cold and the warm ASPCAP samples both include at least 5 stars. The differences are statistically consistent with zero for the Payne and for astroNN, but not for ASPCAP, the Cannon, and BACCHUS.
- 
We Adopt Payne-Derived Abundances of the APOGEE Data for our Subsequent Analysis
Given the findings of Sections 3.2, 3.3, and 3.5, we adopt the Payne as our preferred option to study the relative abundances of globular cluster stars. Its relative strengths are:
1. More consistent determinations of [N/Fe], as evidenced by the decreased frequency of stars with [N/Fe] < 0, as well as the fact that this type of failure mode is more effectively suppressed by increased signal-to-noise ratio. The ability to include stars with T eff > 4, 750 K and signal-to-noise ratios greater than 100 nearly doubles the sample available for study.
2. Recovery of the C-N anticorrelation, which is not present in the DR14 releases of ASPCAP and the Cannon, and barely present in astroNN measurements. 6. The Payne is one of four pipelines whose temperatures and gravity estimates are derived based off of the spectroscopy alone, and not dependent on literature estimates of reddening.
In contrast, the relative weaknesses of the Payne are not as significant:
1. The Payne does not report [Na/Fe] . This is normally an informative element when studying globular cluster stars, but the sodium lines within the APOGEE spectral window are very weak in the metallicity and temperature regimes typical of this work.
2. The Payne, in its current implementation, has an effective abundance floor of [Fe/H]= −1.50. However, the reliability of the [X/Fe] abundance determinations in the metal-poor globular clusters, by ASPCAP, the Cannon, astroNN, and BACCHUS are uncertain. We show in Figure 9 The current abundance floor will not effect the results presented in this work, as we limit our analysis to clusters with [Fe/H] ≥ −1.55.
We note that the selection of the Payne is partly motivated by the scientific priority of this investigation, the analysis presented in Section 4.3. That is, the dependency of aluminum abundance variations on that of other light element abundance variations, and globular cluster properties. The Payne is the pipeline which yields the largest sample of consistently measured values of [Fe/H] Mészáros et al. (2015) Mészáros et al. (2015) measured abundances for 428 red giants in 10 globular clusters with data from APOGEE. Their investigation differs from ours in a few ways. Among these, they used an earlier APOGEE data release which thus had a smaller sample of stars, and they used photometric rather than spectroscopic information to set their temperature and gravity scales. A striking feature of the [N/Fe] histograms is that the distributions distributions appear bimodal in five of the seven panels. That is consistent with photometric studies of globular clusters, which find that the multiple populations of globular clusters are distinct (Nardiello et al. 2015; Milone et al. 2017; Lagioia et al. 2018) . In contrast, these distributions are not consistent with most other spectroscopic investigations, which typically find continuous sequences in abundance space. Renzini et al. (2015) argues that the multiple populations of globular clusters are almost certainly distinct (and possibly discrete), and that the spectroscopic results are likely confounded by measurement error. However, APOGEE-derived Payne abundances show distinct populations, particularly for nitrogen and aluminum. It is clear, from Figure 5 , that distinct populations in the [N/Fe] distributions can also be identified by ASPCAP and the Cannon. That is an impressive achievement, and an argument for the continuing diagnostic potential of the APOGEE survey to study the stellar populations of Galactic globular clusters. Prior literature measurements (Gratton et al. 2006; Origlia et al. 2008; Carretta et al. 2009a; Origlia et al. 2011; Carretta et al. 2013a; Pancino et al. 2017 ) are consistent with a picture whereby the abundance variations of [Al/Fe] are reduced in more metal-rich clusters. As we show in the subsequent sections, the correlation between nitrogen and aluminum enrichment correlates not only with the globular cluster metallicity, but also with the present-day stellar mass of the cluster.
There is no significant correlation between [N/Fe] and [Fe/H] . Such a correlation is not expected for most globular clusters (Carretta et al. 2009b ), but it could nonetheless result if there are issues with either the data or the reduction and analysis thereof. For the six well-sampled globular clusters shown in Figure 10 , we find that the mean increases of [Fe/H] We also show, in Figures 11 and 12 , the abundance correlations for other elements for the metal-poor and metal-rich clusters, respectively. The Payne abundances suggest that for the metal-poor clusters, nitrogen enrichment is positively cor- Kemp et al. (2018) have also found Mg-depleted, and K-enhanced, field stars in the LAMOST sample (Luo et al. 2015 ) with spectroscopic abundances derived by Ho et al. (2017) . We do not know the origin of this discrepancy. It may be that the potassium line in the APOGEE spectra is too weak for precise measurements in metal-poor stars, and that the literature has simply not adequately studied potassium variations in more metal-rich clusters.
We do not discuss these abundance correlations in detail, as our investigation is primarily focused on the subjects of nitrogen and aluminum enrichment. However, we included these figures as they may be of interest to some readers.
Some readers may be concerned by our choice to frame our discussion in terms of aluminum enrichment, rather than the aluminum-magnesium anti-correlation, as is more standard (e.g. Pancino et al. 2017) . The latter approach is almost certainly more physically correct, as the two abundance variations are likely linked by the 24 Mg(p,γ) 25 Al nuclear reaction. However, the measurement precision of [Al/Fe] 
Delineating First and Second Generation Stars
We use the term "first-generation" to refer to those stars with chemical compositions similar to those of the Halo, Bulge, and Thick Disk at their metallicity. We use the term "second generation" to refer to those stars showing some combination of enhanced nitrogen, sodium, and aluminum, as well as deficient carbon, oxygen, and magnesium. We acknowledge that this terminology is problematic in multiple ways. The implicit assumption, that the chemically anomalous stars were born after the chemically mundane stars and partially from their enriched ejecta, has not actually been demonstrated. Further, the "second" generation may include a "third" (or greater) generation.
The separation between the first and second generations in the compilation of Carretta et al. (2009a) , which they respectively label as the primordial and intermediate/extreme populations, is stated in their Table 11 . We adopt their delineation for all of their program clusters, and similarly for other works which identified their own demarcation lines. For the sample of Carretta et al. (2009a) , the first generation abundance of [Na/Fe] is assumed to be the midpoint of their specified range, and the first generation abundance of [Al/Fe] is the mean [Al/Fe] of stars with a first generation abundance of [Na/Fe] . For the other clusters in the literature sample, we estimate the cutoff between the first and second generations by eye. The first generation abundance of a cluster is then assumed to be the mean [Na/Fe] and [Al/Fe] of all first generation stars for that cluster, except for NGC 6656 (M22) (Marino et al. 2011 ) where we use the median, and NGC 6139 (Bragaglia et al. 2015) where we use the mean weighted by the inverse square of the reported measurement errors. We require that there be at least two stars of the first generation with measured [Al/Fe] abundances for the cluster to be included in the literature compilation.
For the globular cluster stars measured with APOGEE data, we first do a selection for red giant branch stars, at the expense of asymptotic giant branch stars, using the spectroscopic determinations of T eff and log g. The selection is shown in Figure 13 , is approximate, and is done to reduce the risk of dredge-up among asymptotic giant branch stars (Uttenthaler et al. 2007 (Uttenthaler et al. , 2018 To construct a Bulge sample, we use the distance estimates from the StarHorse pipeline (Queiroz et al. 2018) , and require that the separation of stars from the Galactic plane |Z g | be no greater than 1.5 kpc, and that the separation of each star from the Galactic centre projected onto the Galactic plane, R g , be no greater than 3.5 kpc. Posterior estimates of the distances to stars are derived by forward modeling stellar isochrones (Bressan et al. 2012) and Galactic structure priors to derive probabilities of observing the measured Gaia parallaxes (Gaia Collaboration et al. 2018) and stellar atmosphere parameters. Unless stated otherwise, we use the median distance estimate from the posterior distribution of each star. The Halo and thick disk are not included, as that would require a more complex selection criteria, and regardless, their low-metallicity abundance trends are similar to those of the Bulge (Zasowski et al. 2019) . A comprehensive comparison of these abundance trends will be presented by Queiroz et al. (2019, in preparation) .
We show the demarcation between the first and second generations of six globular clusters in Figure 14 , from which it is clear the error in separating the first and second generations is manifestly small. Our cutoffs between the first and second generations for the 32 clusters in the literature compilation are listed in Table 5 , and for the 24 clusters with data from APOGEE are listed in Table 6 . We thus compile data for 45 separate clusters, including 11 clusters which show up in both samples.
We show in Figure 15 that the mean [N/Fe] of firstgeneration globular cluster stars is slightly lower than that of the bulge field population at their respective [Fe/H] Payne , whereas the [Al/Fe] abundances are consistent in the mean, but often shifted to lower or higher values.
From this point on, our analysis treats second generation abundances in a differential manner. We focus on the abundances of N, Na, and Al in second generation stars, relative to the estimated mean value of those abundances in their first generation counterparts. We thus define the quantity ∆[Al/Fe] GenII,i = [Al/Fe] GenII,i − [Al/Fe] GenI , and similarly for nitrogen and sodium, as the relative abundance of the i'th second generation star.
There are several advantages to our differential approach, of which we mention two. The first is that it minimizes the instrumental and methodological zero-points that might vary N . , and NGC 6388. The error bars represent the sample error in the mean, multiplied by three for clarity. Bulge stars are selected using StarHorse (Queiroz et al. 2018 ).
between the different analyses. The second is that, relative chemical abundances need not have been homogeneous in time and space when the first generations of globular clusters were forming. 
The mean second generation aluminum enrichment in globular clusters
In this work, we are primarily interested in investigating the trends between aluminum enrichment and either sodium or nitrogen enrichment among globular cluster stars. It is however interesting, as a first step, to simply assess the mean value of aluminum enrichment in globular clusters as a function of globular cluster parameters.
We compute the linear regression of the difference in the mean aluminum abundance of first and second generation globular cluster stars, ∆ [Al/Fe] = (1/n GenII ) i ∆[Al/Fe] GenII,i , where n GenII is the number of second generation stars of a particular cluster, as a function of globular cluster mass and metallicity, such that
We include within our fits a step function, which is equal to 0 if the predicted ∆ [Al/Fe] is negative, and is equal to 1 otherwise. The step function is included on empirical grounds, as we do not see globular clusters for which [Al/Fe] decreases in second generation stars, and without the inclusion of the step function the coefficients a, b, c may end up shifted to compensate. We acknowledge that in principle, the location of the step function may be at a small non-zero value, perhaps even at a small negative value.
We restrict the fit to the 36 clusters for which there are at least three stars of both of the first and second generations. We include the measurements of Mészáros et al. (2015) for the metal-poor clusters NGC 6341 / M92, NGC 5024 / M53, NGC 5466, and NGC 7089 / M2. Their aluminum abundance variations have been re-scaled by (1/1.15) to be consistent with Table 5 . The list of program clusters for which we found sufficient data to include in our investigation as part of our literature compilation, along with the cutoffs that we use to define their "second-generation" stars, and the references for the data. The values sourced from Carretta et al. (2009a) are derived by adding 0.15 dex to the [Na/Fe] min listed in Table 11 the values determined by the Payne. For the clusters that have both prior literature measurements and APOGEE measurements, the APOGEE-derived values are given priority if they are from the DR14 sample. We obtain the relation:
The three coefficients are measured with statistical significances of 15.5, 5.2, and 5.5-σ. The sample's scatter to the relation is 0.14 dex. The value of the mass coefficient is ∼47% higher than that of the metallicity coefficient, whereas the ratio was only 26% higher in the work of Pancino et al. (2017) . The inclusion of the step function has a very modest effect on both the best-fit parameters and their errors. We show the distribution of ∆ [Al/Fe] as a function of globular cluster mass and metallicity in Figure 16 . The clusters with the greatest aluminum enrichment between the first and second generation, those shown as green and yellow dots, tend to be of higher mass, lower metallicity, or both. Conversely, those with the lowest measured aluminum enrichment tend to be of lower mass, greater metallicity, or both.
At high metallicity, [Fe/H] GC −0.50, the one cluster with significant aluminum enrichment is NGC 6388, with ∆ [Al/Fe] = 0.45 dex. It is unique within our sample, but it is N . Table 6 . The list of program clusters for which we found sufficient data to include in our investigation as part of our APOGEE compilation, along with the cutoffs that we use to define their "second-generation" stars, and the references for the data. The 11 clusters for which the data are taken from the unpublished DR16 catalog are listed below the dividing line, and are computed with the same method as presented by Ting et al. (2018) . (Muñoz et al. 2017 ) and NGC 6441 (Origlia et al. 2008; Carretta et al. 2009a ), but those samples are not large enough for us to confidently estimate the mean abundances of the first and second generations. Large samples of abundance measurements for NGC 6440 and NGC 6441 would be informative. At the request of the AAS statistics consultant, we estimated the impact of the assumption of linearity in Equation 3 is valid by also fitting the data using a local non-parametric regression. We computed a secondorder bivariate spline regression at each point using the scipy.interpolate.SmoothBivariateSpline function in Python. We found that the differences between the two predictions are mostly small, regardless of the smoothing factor.
Name
The exception is at the low-metallicity end. The linear fit is found to overestimate the value of aluminum enrichment relative to the bivariate spline regression. This suggests that metallicity-dependence of aluminum enrichment may level off at low metallicity. Though it would be helpful to have more low-metallicity clusters with measurements in order to confirm this trend, it is consistent with what has been recently reported by Masseron et al. (2019) . They reported a turnover in the magnesium-aluminum abundance ant-correlations at low metallicity, where a peak value of aluminum enrichment was reached. They suggested that it was due to leakage of nucleons into silicon production.
The global parameters, and the derived chemical parameters for the 19 globular clusters with APOGEE data that we study in detail in this work, are listed in Table 7 .
The Relationship Between NNaAl abundance variations, Globular Cluster Metallicity, and Globular Cluster Mass
In practice, [Al/Fe] varies not just with the mass and metallicity of a globular cluster, but also with [N/Fe] . That is because the chemical abundances for many (but possibly not all) of the second generations of globular clusters are distributed as sequences, rather than discrete points. We thus need to fit for [Al/Fe] abundances as a function of at least three parameters: globular cluster metallicity, mass, and the [N/Fe] of a particular star. For this task, we include 19 clusters with data from APOGEE with measurements for 649 second generation stars, and 34 clusters with prior literature data with measurements for 482 second generations. The total sample spans 42 clusters, including 11 that are in both of the literature and APOGEE samples. We fit for linear relationships relating aluminum enrichment to sodium or nitrogen enrichment with globular cluster metallicity and mass by minimizing chi square using the Metropolis-Hastings implementation of Markov Chain Monte Carlo (MCMC, e.g. Sharma 2017; Hogg & Foreman-Mackey 2018) . The model, which is only applied to the abundances of second generation stars, can be written as: is negative for a cluster, then it is replaced by zero. We assume that aluminum enrichment is either positively correlated with nitrogen and sodium enrichment, or null.
The following conditions are imposed on the fitting procedure:
• We do not know the true amplitude of the expected scatter, which should be a quadratic sum of the measurement errors and the actual intrinsic scatter in the relations. We instead assume that σ value approximately corresponds to the measured scatter in the best-fit relations, and results in χ 2 DoF being approximately rescaled to unity.
• To reduce the impact of outliers on the fit, we neglect points which are offset from the predicted best fit by 0.50 dex or more. Each such point imposes a penalty of ∆ χ 2 = +6.25, to prevent the MCMC from exploring unphysical fits where all of the points are assumed to be outliers.
• We assign equal weight to every point from globular clusters with 10 or fewer measurements in a sample. When a globular cluster contains 10 or more measurements within the sample, the weight w i of each point is re-scaled as w i = 10/N 2 , where N 2 is the number of second generation stars in that sample and of that cluster.
• We impose the prior that the y-intercepts a i of the relations of Equations 5, 6, and 7 (defined above, in Equation 5) are close to zero, such that ∆ χ 2 = 2(a i /0.01) 2 . This is a small correction, as the y-intercepts would otherwise converge to values of a i ≈ ±0.05.
• The data for NGC 2808 are assigned a weight of 0, due to inconsistent literature findings on that cluster. Each of the data from APOGEE, Gaia-ESO ( Milone et al. 2015) . This increases the odds of a different chemical evolution history, as the yields from helium-enriched asymptotic giant branch stars are expected to be different (Karakas et al. 2014; Shingles et al. 2015 ) from those of helium-normal stars.
As stated in our introduction, the three abundances being studied here emerge from different nuclear reactions, for which 23 Na(p,α) 20 Ne, 14 N(p,γ) 15 O, and 24 Mg(p,γ) 25 Al are plausibly the predominant ones. As the nature and thus number of chemical polluters in globular clusters is unknown, it is also unknown whether one, two, or three required degrees of freedom are needed to jointly model sodium enrichment, nitrogen enrichment, and aluminum enrichment. We thus first fit for sodium and nitrogen separately.
Restricting the fit to the sodium (literature) sample, we obtain:
The scatter in [Al/Fe] to the best-fit relation is 0.179 dex, with only 17 of the 413 measurements not of NGC 2808 being 0.50+ dex outliers. We repeat the exercise for the nitrogen (APOGEE) sample, though we shut off the step-function to the metallicity term as the APOGEE sample does not include any globular clusters with [Fe/H]≤ −1.54. We obtain:
The scatter in [Al/Fe] to the best-fit relation is 0.171 dex, with only 20 of the 608 measurements not of NGC 2808 being 0.50+ outliers. One major difference between the literature fit and the APOGEE-derived fit is that for the latter, the maximum slope to the metallicity coefficient, b 2,max is not constrained. That is because the APOGEE sample with Payne-derived parameters lacks a sample of lower-metallicity globular clusters, a challenge which can be overwhelmingly resolved by future implementations of the Payne. Both the literature sample and the APOGEE sample have a relative paucity of more metal-rich, more metalpoor, and lower-mass clusters, so jointly fitting them increases the statistical leverage where there is currently little. There is a useful physically-motivated constraint, in that if We thus actually impose a greater constraint, we assume the ansatz that {b 2 , b 2,max , c 2 ,
In other words, we assume that the relation between aluminum and nitrogen is simply a re-scaled version of the relation between aluminum and sodium, or alternatively, that ∂[Na/Fe]/∂[N/Fe] is not varying or only weakly varying with globular cluster stellar mass and metallicity. We will show further justification of this assumption later in this section, and in the next section.
We derive the following best-fit relations, when fitting both data sets together with the total weight of the literature and APOGEE samples fixed to be equal to one another: Figures 17 and 18 . The best-fit relations, shown as the black lines, are decent albeit imperfect matches to the data for each cluster, shown as the red points. It is not surprising that the data for some of the clusters (e.g. NGC 362) are offset from the fits, as there are various possibilities for deviation from the model. For example, the correlation with the present-day stellar mass of the cluster is plausibly due to a correlation with the initial stellar mass and star formation environment of the cluster. If that is the case, some clusters will be shifted from the fit if they have lost a different fraction of mass than typical of most of the other clusters in the sample. From Equation 7, if a cluster has half as much stellar mass remaining as is typical of the other clusters in the sample, then its predicted slope ∂[Al/Fe]/∂[Na/Fe] will be shifted by 0.38.
There are multiple options to validate, refute, or simply better constrain Equation 7, of which we discuss three:
1. There is a paucity of measurements of aluminum abundance variations for globular clusters of low metallicity, of all stellar masses. This can be discerned from 2. There are no measurements for clusters with log M GC /M < 4.50, which can also be discerned from Figure 16 . Adding a few such measurements at different metallicities should be helpful in constraining the nature of the polluters.
3. NGC 6388 and NGC 6440 are currently the only metalrich clusters with a measured aluminum enrichment that contributes to the fit. Further measurements of massive, metal-rich clusters (e.g. NGC 6441, Liller 1), as well as a larger sample of data for NGC 6388 and NGC 6440, would constrain the validity of Equation 7 at the metal-rich end.
4. Our fit assumes that the relationship between sodium and nitrogen enrichment is independent or nearly independent of globular cluster mass and metallicity. A sample that would include more clusters with both (Gerber et al. 2018) , NGC 6752 (Yong et al. 2008a ), NGC 1851 (Yong et al. 2015) , for NGC 6712 (Yong et al. 2008b) , and 47 Tuc / NGC 104 (Marino et al. 2016) . We subtracted the relevant mean values from each abundance set in order to emphasize the trends in differential abundances, which should be independent of zero-point calibrations.
nitrogen and sodium abundance measurements could help one investigate the validity of the assumption that nitrogen and sodium vary together. The scarce available such measurements are discussed in the next subsection.
Possible Physical Interpretations of the Trends Between Light Element Abundances, Metallicity, and Globular Cluster Mass
The results of the prior two sections demonstrate two trends concerning aluminum enrichment in globular clusters. In Section 4.2, we showed that the mean difference in [Al/Fe] between the chemically mundane and chemically anomalous stars of globular clusters is positively correlated with present-day globular cluster mass, and negatively correlated with globular cluster metallicity. That confirms and expands on the findings of Pancino et al. (2017) and Carretta et al. (2009a) . In Section 4.3, we expanded the analysis to factor out the enrichment in nitrogen or sodium, and showed that the slopes of relative enrichment, ∂[Al/Fe]/∂[Na/Fe] and ∂[Al/Fe]/∂[N/Fe], were themselves linearly dependent on present-day globular cluster mass and metallicity.
The latter is a new finding. It suggests that there may be two classes of non-supernovae chemical polluters that were active in the era of globular cluster formation, and that their relative contributions somehow scaled with globular cluster metallicity and present-day stellar mass. The first class of polluters is largely responsible for the 14 N(p,γ) Figure 19 , a comparison of the trends of [Na/Fe] Indeed, the contrast between the narrow scatter seen in Figure 19 , and that seen in Figures 17 and 18 , is large. For the latter two the relations with [Al/Fe] can vary by 1,000% or more. Asymptotic giant branch stars, by themselves, can explain the trend with metallicity, as hot bottom burning is predicted to take place at higher temperatures in lower metallicity asymptotic giant branch stars (Lattanzio et al. 2000) . Dell'Agli et al. (2018) , building on the work of Ventura et al. (2016) , have shown that the predicted chemical yields of asymptotic giant branch stars with initial masses in the range 4M ≤ M ≤ 8M can reproduce the abundance variations in carbon, nitrogen, oxygen, magnesium, aluminum, and silicon, as measured in 9 globular clusters probed by APOGEE. Thus there is a straightforward explanation for the correlation between aluminum variations and globular cluster metallicity, but not that with present-day globular cluster stellar mass. We suggest that a second class of polluters is responsible for 24 Mg(p,γ) 25 Al processing, in higher-mass globular clusters, that is separate from that which would be obtained purely from asymptotic giant branch stars.
It is worth stating that the correlation with present-day stellar mass is a correlation by proxy. Present-day stellar mass cannot be the cause of these variations, as the clusters formed ∼12 Gyr ago. What may be responsible is a causal relation between the stellar and gas density, and the depth of the gravitational well, during the birth of these clusters, and the eventual stellar mass.
For example, VandenBerg et al. (2013) , who estimated helium abundance variations in a large sample of clusters with well-sampled photometry, found that their inferred helium enrichment correlated with the present-day central escape velocity and surface mass density of these clusters. Their Section 6.2.1, and in particular their Figure 40 , elaborates on these issues. We note that Lagioia et al. (2018) have also measured a correlation between inferred helium enrichment and the present-day stellar masses of clusters, by measuring brightness variations in the red giant branch bump, a completely independent tracer of helium abundance (Cassisi & Salaris 1997; Nataf et al. 2013) . The correlation between helium abundance variations and globular cluster mass is convincing, but further research is needed to ascertain if that is due to the gas surface density, and depth of the gravitational well, during the birth of the globular clusters.
If it is the case that most globular clusters have lost a lot of mass, and that the correlation found here is actually one with initial stellar mass, then there must be some regulatory process which has restricted globular cluster mass loss to some narrow fractional range.
Some preliminary results of this investigation, including the correlation between aluminum enrichment and globular cluster mass, were presented at the "Survival of Dense Star Clusters in the Milky Way System" conference2 held in Heidelberg, Germany, in November 2018. Following the presentation, Long Wang, of Peking University, suggested a model consistent with the above conjectures, whereby clusters more massive today were denser at birth, and thus had more mergers and mass transfers between massive stars, leading to a different ("top-heavy") effective mass function of polluters. Massive binaries were first suggested as the source of globular cluster abundance anomalies by de Mink et al. (2009) . Massive binary mergers within globular clusters have also been linked to the formation of intermediate-mass (Portegies Zwart et al. 2004 ) and supermassive black holes (Gieles et al. 2018) . It may be possible to investigate this theoretical framework further, given that the N-body simulations of globular clusters continue to improve (e.g. Wang et al. 2016) .
The second polluter may also be the winds of fast-rotating massive stars (Maeder & Meynet 2006; Decressin et al. 2007; Choplin et al. 2016) . It may be, for example, that a minimum gravitational well depth is required to hold on to some of their ejecta, and that this requirement ends up as a correlation between globular cluster mass and aluminum enrichment at the present day.
As noted by the anonymous referee, an important constraint is to be found in the dependence of the abundance variations on one another. There are several clusters with sodium abundance spreads and no measurable spread in aluminum, but there are no examples of the opposite. This suggests that while the polluters responsible for the aluminum spread are possibly not the same responsible for the sodium abundance variation, there is however a close relation between the two. For example, there may be one class of polluters that contributes extra sodium but not extra aluminum, and another polluter that contributes both sodium and aluminum. In the next subsection, we discuss evidence from the literature of two globular clusters that aluminum may sometimes vary in the absence of corresponding variations in sodium. Mg(p,γ) 25 Al nuclear processing on the other hand. In the case of NGC 104, most of the second generation stars may have formed when only one of the polluter had contributed to the surrounding gas. This can explain why some studies find no [Al/Fe] variations at fixed [N,Na/Fe] (e.g. Koch & McWilliam 2008; Cordero et al. 2014) , as the [Al/Fe]-enhanced stars are rare. It also explains why NGC 104 is an outlier to the relations identified in the previous sections: the gas from which its second generation stars formed was not well mixed. This result is also consistent with the discovery of di Criscienzo et al. (2010) , that the "second generation" of 47 Tuc is composed of two components. The second component of the second generation, which they called SGII, has a fainter subgiant branch, possibly due to having an enhanced sum of C+N+O, and constitutes ∼10% of the population of the cluster.
We have verified that the choice to include these two clusters in the fits of the prior sections has a negligible impact on the derived parameters. Metal-Rich, Nitrogen-Rich, Aluminum-Rich, Magnesium-Poor Stars Found in the Field Fernández-Trincado et al. (2017) searched for and identified nitrogen-rich stars in the field from the APOGEE spectroscopic database. As discussed in our Section 1.1, the origin of these stars is not currently understood.
An Alternative Explanation to the
They (Mészáros et al. 2015) , and thus it did not seem likely that these stars dynamically evaporated from those kinds of globular clusters. They suggested two alternative possibilities. The first was that these stars may have originated from globular clusters of extragalactic origins, and that the interstellar medium of those galaxies had intrinsically lower relative abundances of magnesium and greater relative aluminum due to a different galactic chemical evolution. Their second suggested possibility is that the atmospheric abundances of these stars may have been polluted by gas transfer from a binary companion.
However, what our findings suggest is that metal-rich globular clusters can host aluminum-rich stars, as long as the clusters are sufficiently massive. For example, the globular clusters NGC 6569 (Johnson et al. 2018) , NGC 6440 (Muñoz et al. 2017) , and NGC 6441 (Origlia et al. 2008) and no less than 0.25 dex in NGC 6441 (Origlia et al. 2008) .
We thus suggest a third alternative explanation to the There are several independent and complementary arguments for Terzan 5 not being a "true" globular cluster. These include the photometric evidence that there is a large spread in the metallicity and age of its stars (Ferraro et al. 2009 (Ferraro et al. , 2016 , photometric evidence that it has a particularly large mass and low central concentration (Lanzoni et al. 2010) , and finally a spectroscopic confirmation of its large spread in iron abundance and the lack of an aluminum-oxygen anti-correlation among its stars (Origlia et al. 2011) . Origlia et al. (2011) That is the largest measured metallicity spread of any stellar system classified as a Galactic globular cluster, and is the first of three arguments for the position that Terzan 5 is not a true globular cluster enumerated in the conclusion of Origlia et al. (2011) . The metal-poor component is approximately twice as numerous (Massari et al. 2014) . Origlia et al. (2011) also reported the absence of a measurable aluminum-oxygen anti-correlation in either group of stars, which they list as their second argument. This second argument followed the work of Carretta et al. (2010) , who recommended that globular clusters be defined as the stellar aggregates showing the sodium-oxygen anti-correlation.
In this section we are not concerned with the merit of the definition proposed by Carretta et al. (2010) . Rather, we are stating that the extension of the definition assumed by Origlia et al. (2011) , that globular clusters are the stellar aggregates showing an aluminum-oxygen abundance anticorrelation, might not apply. That is because the expected abundance scatter in both of [Al/Fe] In other words, it activates the step function for the slope to be set to zero, as it would otherwise be very negative. Even this fiducial large negative value might be an overestimate, as the analysis of Prager et al. (2017) , which is based on long-term radio pulsar timing of 36 millisecond pulsars in the cluster, estimates a lower value for the cluster mass, log M GC /M ≈ 5.40. Admittedly, there is also the issue that we have not calibrated how these relations might be shifted in clusters with large spreads in [Fe/H]. Regardless, the general trend that [Al/Fe] variations are reduced or eliminated in more metal-rich systems is likely a robust conclusion from our analysis (and also that of Pancino et al. 2017) .
It is also the case that [O/Fe] variations are reduced in more metal-rich clusters, though we are unsure by how much. Within both our study (see Figure 10 ) and that of Carretta et al. (2009b) , the scatter in [O/Fe] is reduced (but not eliminated) in more metal-rich systems. Pertinently, Muñoz et al. (2018) measured that the stars in the metal-rich globular cluster NGC 6528 ([Fe/H] Harris = −0.11) show a scatter in [Na/Fe] without a corresponding scatter in [O/Fe] . This empirical trend is now supported by theoretical arguments. Kim & Lee (2018) have Table 8 . Candidate Terzan 5 cluster members identified within APOGEE DR14. Listed are APOGEE IDs, the separation from the cluster center ∆Ψ in units of arcminutes, the Gaia-derived proper motion in RA and DEC in units of mas/yr where available, the APOGEE-derived heliocentric radial velocity in units of km/s, the signal-to-noise ratio of the spectrum, eight atmospheric parameters and relative abundances derived by the Payne, and the [Na/Fe] Separately, we have identified nine stars as candidate members of Terzan 5, using a combination of APOGEE DR14 and Gaia DR2 data, We list several of their parameters and best-fit chemical abundances in Table 8 . These data confirm several of the findings of Origlia et al. (2011) and Massari et al. (2014) Figure 22 . The metallicity offsets are clearly coupled to offsets in the estimates of effective temperature and/or surface gravity. The red giant branch derived from the Payne values is shifted to colder temperatures by approximately 300 Kelvin relative to that derived by Origlia et al. (2011) . Ting et al. (2018) showed (see their Figure 8 ) that the Payne's temperatures for giants at the metallicity of Terzan 5 are approximately 100 Kelvin colder than photometric estimates using the infra-red flux method of González Hernández & Bonifacio (2009) , which can explain some of the offset. The discrepancy between the temperature estimates of Origlia et al. (2011) and those derived from APOGEE spectra is reduced by one half if atmospheric parameters derived by ASPCAP are used. Thus, it is likely that the temperature scale of the cluster, and by extension its mean chemistry, are intermediate between the Payne-derived values and those reported by Origlia et al. (2011) .
We show some of the abundance trends in Figure The derived temperatures are all substantially colder than the previously estimated threshold temperature of T eff ≈ 4, 750 K at which CNO abundances become less reliable in APOGEE spectra. The findings for carbon, oxygen, and aluminum are thus safely robust. More analysis would be needed to confirm the trends with sodium and potassium, which are less robust. No abundance correlations are identified among the four metal-rich stars. We note that Schiavon et al. (2017a) also reported abundance anti-correlations for the ASPCAP-derived APOGEE measurements of globular clusters in the inner Galaxy, though in their case they used an earlier data release, APOGEE DR12 (Alam et al. 2015; Holtzman et al. 2015) .
The spread in CNO abundances is not an artifact of a low signal-to-noise ratio. For the five metal-poor stars, the signalto-noise ratios are all greater than 92, and the two stars with the highest nitrogen abundances have signal-to-noise ratios of approximately 200. The [N/Fe] variation is also not likely to be due to mixing on the asymptotic giant branch. Origlia et al. (2011) , and by the Payne. Relative to the measurements of Origlia et al. (2011) , the red giant branch is shifted to approximately 300 K colder temperatures by the Payne. The two stellar populations of Terzan 5 are color coded, to show that they have no obvious dependency on evolutionary state. For the metal-poor stars, the carbon-poor, nitrogen-rich stars are actually colder at fixed surface gravity, and thus the CNO variations are not due to the asymptotic giant branch phase. We have added 25 Kelvin and 0.10 dex of symmetrically distributed noise to the temperature and gravity measurements of Origlia et al. (2011) to improve the clarity of the figure. poor, [Fe/H]≤ −0.30 stars, whereas they would be at higher temperatures if they were similar stars having evolved through the horizontal branch.
Though small variations in light-element abundances are relatively common among [Fe/H] −1.0 red giants in the field , large enhancements in [N/Fe] or [N/C] are not that common among bulge red giants, which was recently shown by Schiavon et al. (2017b) . We also show this in Figure 24 . Thus, something as common as mixing along the asymptotic giant branch phase cannot explain the large abundance shifts seen, of ∆( [C/Fe] −0.40, +0.65, −0.35) . We can thus confidently argue that the metal-poor component in Terzan 5 includes stars showing the abundance variations expected for a globular cluster at its metallicity. We reiterate that the CNO abundance variations derived by the Payne from APOGEE spectra are qualitatively robust, but may be off by a factor of two. Regardless, the Bulge field stars are analyzed in the same way from the same kinds of spectra, they are thus an ideal control sample, and they do not exhibit such variations.
Thus, the findings of this investigation are consistent with Terzan 5 being a globular cluster. First, we explain the absence of an aluminum spread in Terzan 5 as being expected, due to its high metallicity. Second, we do find tentative evidence that the carbon, nitrogen, and oxygen abundances vary among the metal-poor stars in Terzan 5, with the potassium and sodium abundances possibly varying as well. Obviously, it would be better to have a larger sample of stars for both the metal-poor group and the metal-rich group. The statistical probability of the abundance correlations measured in the metal-poor group are negligible, however, there is the possibility of some undiagnosed and correlated systematic error. It would be advantageous for there to be another large, and independently studied sample. We ran the BACCHUS pipeline on these stars in order to gauge if they had s-process variations, specifically in the elements neodymium and cerium, using the same method as Fernández-Trincado et al. (2017) and Fernández-Trincado et al. (2018) . We did not measure any statistically significant variations in neodymium and cerium.
Aside from the findings previously mentioned in this Section, Terzan 5 is a complex system in several other ways. As noted by Origlia et al. (2011) , the stars in Terzan 5 have [C/Fe] < 0, which also holds for all 9 of the members for which APOGEE measured spectra. Terzan 5 also hosts two trace subcomponents, with 5% each of its total stellar mass, with metallicities of [Fe/H]≈ −0.80, and [Fe/H]≈ +0.70 (Massari et al. 2014) . Origlia et al. (2018) have also spectroscopically confirmed the membership of three RR Lyrae variables and one Mira variable as part of Terzan 5, for which the combination of spectroscopic abundances and pulsational properties can be used to provide constraints on the age-heliummetallicity relationship of the cluster. Finally, there is an approximate spread of 0.70 magnitudes in the luminosity of the turnoff stars in Terzan 5 (Ferraro et al. 2016) .
Thus, we are not suggesting that Terzan 5 is a mundane stellar system. Quite the contrary, we believe that our findings validate its status as one of the most interesting stellar systems in the Galaxy, and confirm that further investigation is needed. In particular, a larger sample of APOGEE spectra, and separately, a large sample of precise sodium abundances, would each be very informative.
DISCUSSION AND CONCLUSION
We investigated aluminum abundance variations in the stellar populations of globular clusters by conducting a metaanalysis of the APOGEE data and the largest literature sample that we could assemble. We showed that aluminum enrichment operates independently of the CNONa abundance variations, and that it is reduced in more metal-rich and in lower-mass globular clusters, consistent with a prior analysis of globular clusters studied by the Gaia-ESO survey (Pancino et al. 2017) , and in an analysis of northern clusters analyzed with APOGEE data (Masseron et al. 2018) .
We then derived, in Equations 5, 6, and 7, that the ratio of aluminum enrichment to sodium and/or nitrogen enrichment correlates with globular cluster metallicity and present-day stellar mass. The predicted relationships for 41 globular clusters are plotted along with the corresponding data in Figures  17 and 18 . The data are consistent with the relative variations in [N/Fe] and [Na/Fe] being uncorrelated or weakly correlated with the mass and metallicity of globular clusters. That is also consistent with the sparse measurements available measurements of sodium and nitrogen being measured in the same samples of stars, as shown in Figure 19 .
These relations can constrain the formation scenarios of chemically anomalous populations in globular clusters. For example, Choplin et al. (2016) show that the [N/Al] ratio in the winds from fast rotating massive stars is extremely sensitive to the treatment of material injection from the heliumburning zone to the hydrogen-burning zone. If one supposes that rotating massive star winds will be proportionately more important in the more massive clusters, which is fair given that the globular clusters likely had deeper gravitational potentials at birth, then the finding of a lesser [N/Al] ratio in the chemically anomalous stars of the more massive clusters tightly constrains the treatment of injection.
As a necessary component of our work, we investigated APOGEE's potential as a diagnostic of multiple populations in globular clusters. We first conducted a census of likely globular cluster stars within APOGEE DR14. We found 1012 stars which are associated with 28 globular clusters, consisting of 832 which were deliberately targeted as calibration targets, and 180 which were serendipitously observed due to globular clusters being quasi-randomly distributed in the field. We showed that most APOGEE-derived carbon, nitrogen, and oxygen abundances are not meaningful for stars with T eff ≥ 4, 750 K, but that the Payne can still reliably measure [N/Fe] as long as the signal-to-noise ratio of the spectra is at least 50. We evaluated the suitability of the five currentlyavailable pipelines applied to the APOGEE spectra for the study of multiple populations in globular clusters. None of the pipelines are ideal, but the Payne performs best for our purposes: it tightly recovers the direction of the expected trends in the CNO abundance planes (though not the amplitudes), it does so for the largest sample of stars, and it has the most reliable [Al/Fe] determinations.
One of the best prospects to improving APOGEE's diagnostic potential for globular clusters is expanding the parameter space explored by the Payne. We recommend lower bounds on the effective parameter space of [C/H] Another argument for the diagnostic potential of APOGEE can be discerned from Figures 10, 11 , and 12. The chemical abundances of the multiple populations appear as distinct sets, with discontinuities in their sequences. As discussed in the review of Renzini et al. (2015) , the multiple populations of globular clusters are almost certainly distinct (and possibly discrete), rather than continuous sequences, as they appear that way in the more densely-sampled, and more precise, HST color-magnitude diagrams (Milone et al. 2017) . These populations normally form continuous sequences in spectroscopic samples, which may be due to greater relative measurement errors. APOGEE-derived Payne abundances show distinct populations, particularly for nitrogen and aluminum. That is an impressive achievement. N .
We have presented two lines of evidence against the notion that Terzan 5 is not a true globular cluster. First, we predict that the aluminum enrichment in that cluster is expected to follow a slope of ∂[Al/Fe]/∂[Na/Fe] ≈ 0. Thus, the absence of an aluminum abundance scatter in Terzan 5 does not qualify it as an anomalous globular cluster. Second, we show in Figure 23 that the five metal-poor stars in Terzan 5 measured by APOGEE follow the CNO abundance variation, with variations with sodium and potassium possibly detected as well. We find no scatter in the four metal-rich stars, but there are only three of them. A small sample can be sufficient to confidently demonstrate a scatter, but not to confidently negate a scatter.
There are numerous options for follow-up. First, the GALAH survey (De Silva et al. 2015; Buder et al. 2018 ) is likely to include many serendipitously targeted globular cluster stars, as we found in APOGEE. Separately, though the seven globular clusters deliberately targeted by GALAH have all been studied by prior spectroscopic investigations, there is likely a lot to be learned from the numerous other abundances that the GALAH survey is measuring. There are also likely to be many additional serendipitous globular cluster stars in future data releases of APOGEE itself.
Second, it will be interesting to see what can be learned applying the results of this investigation to the recently identified population of field stars with abundances similar to those of second generation globular cluster stars. Martell & Grebel (2010) discovered that approximately 3% of Milky Way halo stars at distances of 4 to 40 kpc have high CN abundances, characteristic of anomalous globular cluster populations, a finding subsequently validated with APOGEE data (Martell et al. 2016; Fernández-Trincado et al. 2016) . Schiavon et al. (2017b) found that the fraction of stars with such abundances is at least 7% among metal-poor ([Fe/H] ≤ −1.0) stars toward the inner ∼3 kpc of the Milky Way, and Fernández-Trincado et al. (2017) have shown that the range of aluminum variations among these stars is variable. Even if we are to assume that this hypothesis of these stars' origin is correct, we cannot currently conclude what fraction of these stars were evaporated from surviving globular clusters or from now dissolved globular clusters, let alone what the properties of this hypothetical population of dissolved globular clusters might have been. The relations between aluminum, nitrogen, and sodium abundance variations derived in this work may provide a way.
We suspect, however, that theoretical work may contribute some of the most interesting follow-up investigations. We have shown that that the ratio of aluminum enrichment to sodium or nitrogen enrichment in globular clusters is correlated with the present-day stellar mass and metallicity of these clusters. These same data are consistent with no such correlation between sodium and nitrogen enrichment. This suggests one nucleosynthetic source for both of the CNO and Ne-Na nuclear processing, and a different source for the AlMg processing. We propose that this may be due to there having been two separate classes of non-supernovae chemical polluters that were common in the era of globular cluster formation, roughly ∼ 12 Gyr ago Marín-Franch et al. 2009; Dotter et al. 2011; Denissenkov et al. 2017; VandenBerg & Denissenkov 2018) , and that their relative contributions within globular clusters somehow correlate with globular cluster metallicity and present-day stellar mass. The nature of these two polluters, their relative contributions to other abundance trends, and why and how their effects were correlated with the metallicity and (then) future stellar mass of globular clusters, is a question begging exploration.
